1. Introduction {#sec1}
===============

1.1. PPARs and Their Ligand-Induced Activation {#sec1.1}
----------------------------------------------

Peroxisome proliferator-activated receptors (PPARs) are members of the nuclear receptor family, with three isotypes PPAR-*α*, PPAR-*β*/*δ*, and PPAR-*γ*, which can be activated by specific PPAR ligands in cytoplasm. Ligand-activated PPARs transfer to nuclei and bind to the regulatory DNA elements located on the promoters of PPAR target genes, the peroxisome proliferator response elements (PPREs), thereby stimulating their transcription \[[@B1]\]. This mechanism is termed*transactivation* \[[@B2]\], and many PPAR target genes are found to be involved in metabolism and cell homeostasis \[[@B3], [@B4]\]. Furthermore, ligand-induced activation of PPARs also represses the expression of inflammatory response genes via a mechanism termed*ligand-dependent transrepression* \[[@B5]\]. In contrast to transactivation, transrepression does not involve binding of the nuclear receptor to its cognate DNA element but operates by antagonizing signal-dependent activation of PPAR target genes by other classes of transcription factors (TFs), including nuclear factor kappa B (NF-*κ*B) and activator protein-1 (AP-1), thereby reducing inflammatory reactions \[[@B1], [@B6]\].

In recent years, a number of natural or synthetic PPAR ligands, named agonists, have been identified in PPAR activation \[[@B2]\]. PPAR ligands contain a number of classes, such as eicosanoids, thiazolidinediones (TZDs), and fibrates \[[@B7]\]. A number of PPAR ligands are believed to have some pharmacological effects. For example, eicosapentaenoic acid (EPA), belonging to the eicosanoid class, is well known as a potent antioxidant with anti-inflammatory effects \[[@B8]\]. Several PPAR ligands from the TZD class are/were used as antidiabetic drugs, like troglitazone, rosiglitazone, and pioglitazone \[[@B1]\]. Fenofibrate is a drug of the fibrate class and mainly used to reduce cholesterol levels in patients at risk for cardiovascular disease \[[@B9]\]. In addition, telmisartan, a structurally unique angiotensin II receptor antagonist used for treatment of hypertension, is capable of functioning as an activator of PPAR-*γ* and PPAR-*β*/*δ* \[[@B10]--[@B12]\].

Although early studies focused on PPAR ligands in regulating cellular metabolism, there has been an increasing appreciation for PPARs\' role in regulating a wide variety of biological processes, particularly inflammation and cancer \[[@B2]\]. PPARs function as cellular sensors, TFs, and inflammatory modulators. These findings have led to numerous applications, where PPARs\' ligands serve as coadjuvants in protecting healthy tissue, anti-inflammatory treatment, and enhancing of anticancer therapies \[[@B13]\].

1.2. HMGB1 and Its Signaling Pathways {#sec1.2}
-------------------------------------

*Nuclear HMGB1*. High mobility group box 1 (HMGB1) is a member of the high mobility group superfamily, which exists ubiquitously in the nucleus and cytosol of mammalian cells. In normal state, HMGB1 is found as a DNA chaperone primarily in the nucleus, where it stabilizes nucleosomes and contributes to DNA transcription, replication, and recombination \[[@B14]--[@B16]\]. HMGB1 contains two DNA-binding HMG-box domains, which enable HMGB1 to bind different DNA structures without sequence-specificity \[[@B14]\]. Moreover, HMGB1 has been found to increase the binding affinity of many cancer-related TFs to their DNA-binding sites, such as NF-*κ*B, p53, p73, the retinoblastoma protein, and the estrogen receptor (ER) \[[@B14], [@B17]\], so that HMGB1 might modulate gene transcription driven by these TFs. However, whether HMGB1 plays a similar complex role in modulating gene expression by these TFs remains to be further explored. Furthermore, HMGB1 also has the ability to bend DNA and bind to nucleosomes at the dyad axis, which promotes nucleosome sliding and chromosomal stability \[[@B18]\].

*HMGB1 Secretion*. Interestingly, under certain physiological or pathological conditions, HMGB1 could translocate from the nucleus to the cytosol and then be released into the extracellular environment. Regarding its secretion, HMGB1 localization is dependent upon the acetylation of the lysine residues in its two nuclear localization signals (NLS1/2). Most nonacetylated HMGB1 is stored in the nucleus. Nevertheless, when nuclear HMGB1 is hyperacetylated, it mobilizes into the cytosol followed by active secretion into the extracellular space \[[@B19], [@B20]\]. In addition to this acetylation, phosphorylation \[[@B21]--[@B23]\] and methylation \[[@B24]\] of HMGB1 also contribute to the process of its secretion. HMGBl is currently believed to be secreted actively by inflammatory cells such as leukocytes and several tumor cells but also released passively during cell injury and death.

*HMGB1-Mediated Signaling.* After secretion, the role of HMGB1 is dramatically changed. As a cytokine, extracellular HMGB1 stimulates several cell surface receptors, involving primarily the receptor for advanced glycation end-products (RAGE), the Toll-like family of receptors (TLRs), and chemokine receptor-4 (CXCR4) expressed on neighboring cells, and induces corresponding signal transduction pathways, resulting in activation of NF-*κ*B and mitogen-activated protein kinase (MAPK) pathways \[[@B14], [@B25], [@B26]\]. Moreover, the activation of the downstream MAPK pathways leads to the induction of AP-1, which also has a role in the expression of proinflammatory cytokines \[[@B26]\]. It is well known that both NF-*κ*B and AP-1 are inducible TFs that play a key role in the expression of a variety of genes involved in inflammation, cell survival, apoptosis, cell differentiation, and tumor genesis and progression \[[@B27]--[@B29]\]. Thus, the immune and oncogenic activities of HMGB1 have been assigned to its receptor signaling pathways in inflammation and carcinogenesis.

To the current knowledge, HMGB1\'s biological action is that it modulates immune and inflammatory responses and promotes cell proliferation, angiogenesis, and cell adhesion/migration \[[@B14]\]. As increasing evidence indicates, HMGB1 contributes to inflammation disorders and cancer development, and it is important that HMGB1 is considered as a novel therapeutic target \[[@B14], [@B16], [@B30]\].

2. HMGB1 Inhibition by PPAR Ligands in Inflammation {#sec2}
===================================================

Recently, the role of PPARs and their ligands in mediating cellular responses to inflammation and cancers has been of particular interest. A number of studies provided new insights into the pleiotropic roles of PPAR ligands in suppressing the biological actions of HMGB1, including gene expression, signaling pathways, and extracellular release. Representative PPAR ligands and their effects on HMGB1 are outlined in [Table 1](#tab1){ref-type="table"}. We described in this section the main findings from such studies regarding PPAR ligands, which may give a better understanding of the therapeutic value of PPAR ligands in the treatment of inflammation-related disorders.

2.1. Eicosapentaenoic Acid {#sec2.1}
--------------------------

Eicosapentaenoic acid (EPA) is an omega-3 fatty acid, which acts as a PPAR-*γ* agonist and prevents secondary rather than primary stroke \[[@B31], [@B32]\]. It is known that PPAR-*γ* is highly expressed in macrophages, endothelial cells, dendritic cells, T cells, and B cells \[[@B33]--[@B35]\]. Certain PPAR-*γ* agonists were also shown to modulate the central nervous and immune system by inhibiting the activation of microglia and astrocytes \[[@B36]\] and by modulating a proinflammatory mediator released from glial cells \[[@B37], [@B38]\]. One recent study from Japan found that EPA attenuated postischemic inflammation and brain damage in ovariectomized rats. Moreover, the increase of HMGB1 expression after cerebral ischemia activated inflammatory pathways via RAGE and TLRs, leading to brain damage \[[@B39]\]. The authors reported that EPA may exert both PPAR-*γ*-dependent and PPAR-*γ*-independent effects on the postischemic HMGB1/TLR9 pathway; that is, EPA regulated the HMGB1/TLR9 pathway bidirectionally in the postischemic cerebral cortex, and the downregulation of HMGB1 was PPAR-*γ*-independent, whereas the downregulation of RAGE and TLR9 was PPAR-*γ*-dependent. Consequently, upon the suppression of HMGB1 signaling, EPA may help to limit ischemic brain damage in postmenopausal women, in that the cortical infarct volume exacerbated by ovariectomization is associated with the upregulation of HMGB1/TLR9 pathway \[[@B39]\].

2.2. Telmisartan {#sec2.2}
----------------

Telmisartan is well known as angiotensin II blocker, used in the management of hypertension \[[@B40]\]. Moreover, telmisartan contains important structural components for PPAR-*γ* and exerts pleiotropic effects as a partial agonist \[[@B10]\]. A research group from Japan investigated the anti-inflammatory effects of telmisartan on middle cerebral artery occlusion in mice. According to their findings, telmisartan significantly decreases the number of macrophages/microglia cells expressing HMGB1 and downregulated plasma HMGB1 levels. Interestingly, the downregulation of plasma HMGB1 and the cerebroprotective effect induced by telmisartan were partially inhibited by PPAR-*γ* antagonist GW9662. As a result, telmisartan shows its cerebroprotective effect, which inhibits the inflammatory reactions after cerebral ischemia, in a PPAR-*γ*-dependent manner, targeting HMGB1 expression and secretion. Those findings suggest that telmisartan may be a potential treatment for postischemic injury \[[@B38]\].

2.3. Troglitazone {#sec2.3}
-----------------

Troglitazone belongs to the thiazolidinedione class of drugs, which also includes rosiglitazone and pioglitazone described in the following sections. A group from China has reported that the activation of PPAR-*γ* by troglitazone inhibits HMGB1 expression at the transcription level in vascular endothelial cells, in which troglitazone interferes with NF-*κ*B or AP-1 signaling \[[@B41]\]. More specifically, troglitazone could inhibit not only the transcriptional activation of HMGB1 promoter, but also the activation of promoters driven by NF-*κ*B or AP-1 response elements. Furthermore, troglitazone modulated HMGB1 localization in the nucleus and cytoplasm. In activated immune cells, nuclear HMGB1 is modified by hyperacetylation or phosphorylation in response to certain stimuli as previously described in [Section 1.2](#sec1.2){ref-type="sec"} \[[@B19], [@B21]\], which is the first critical step of the HMGB1 mobilization from the nucleus to the cytoplasm. The cytoplasmic HMGB1 is then concentrated into secretory lysosomes and subsequently secreted in response to inflammation.

Alternatively, another group in China recently reported that the activation of PPAR-*γ* by troglitazone inhibited HMGB1 protein expression through upregulation of microRNA- (miRNA-) 142-3p in THP-1 cells, a human monocytic cell line derived from an acute monocytic leukemia patient, and in murine peripheral blood mononuclear cells isolated from model mice blood \[[@B42]\]. This study indicated that ligand-activated PPAR-*γ* directly bound to the PPRE in the miRNA-142-3p promoter region, while PPAR-*γ*-induced miRNA-142-3p also could target the 3′-UTR of HMGB1 and thus suppress its expression*in vivo* \[[@B42]\].

These results suggest that troglitazone may regulate HMGB1 expression at both transcriptional and posttranscriptional level in PPAR-*γ*-mediated manner. Accordingly, these findings support the idea that troglitazone may be a therapeutic agent for suppressing excessive HMGB1 in inflammatory diseases.

2.4. Rosiglitazone {#sec2.4}
------------------

Rosiglitazone is another member of the thiazolidinedione class. Both rosiglitazone and pioglitazone were approved by the U.S. Food and Drug Administration in 1999. Despite their potent antidiabetic activity, their clinical use is associated with considerable adverse effects \[[@B43]\]. One report from Korea demonstrated that PPAR-*γ* activated by rosiglitazone was involved in the inhibition of lipopolysaccharide- (LPS-) induced HMGB1 release in RAW264.7 cells (macrophages from Abelson murine leukemia virus-induced tumor). The effect of rosiglitazone on HMGB1 secretion was abolished by the treatment with siRNA-PPAR-*γ* or PPAR-*γ* antagonist GW9662. In addition, rosiglitazone also inhibited LPS-induced expression of TRL-4 signal molecules, suggesting that rosiglitazone modulates HMGB1 release via a PPAR-*γ*-dependent mechanism on the HMGB1/TRL4 pathway \[[@B44]\]. Furthermore, they demonstrated that the inhibition of HMGB1 release by PPAR-*β*/*δ* and PPAR-*γ* was associated with a deacetylase enzyme, silent information regulator 1 (SIRT1). PPAR-mediated upregulation of SIRT1 modulates the status of HMGB1 acetylation, which is responsible for blockade of HMGB1 release in macrophages \[[@B45]\].

The inhibitory effect of rosiglitazone on HMGB1 was also described in a report from China \[[@B46]\]. In the pulmonary system, pretreatment of mice with rosiglitazone significantly suppressed LPS-induced acute lung injury (ALI) and reversed the elevated expression of HMGB1 and RAGE. The interaction of HMGB1 with RAGE activated the NF-*κ*B and MAPK pathways, resulting in upregulation of HMGB1, RAGE, and other proinflammatory mediators, thus promoting the development of ALI or acute respiratory distress syndrome (ARDS) \[[@B46], [@B47]\]. This study suggests that activation of PPAR-*γ* inhibits the development of LPS-induced inflammatory models by negative modulation of HMGB1 expression and its release.

2.5. Pioglitazone {#sec2.5}
-----------------

Pioglitazone, one of the PPAR-*γ* agonists, is also from the thiazolidinedione class. One recent study found that pioglitazone inhibited the advanced glycation end-products- (AGEs-) induced elevation of HMGB1 protein expression in osteoarthritis (OA) chondrocytes \[[@B48]\]. AGEs may induce chondrocyte damage, which is important in the development of cartilage destruction and damage in age-related OA. In addition, it was reported that HMGB1 was involved in the pathogenesis of cartilage destruction in OA. Of note, cytoplasmic HMGB1-positive chondrocytes significantly increased in the deep layers of higher-grade cartilage \[[@B49]\]. On the other hand, previous studies indicated that PPAR-*γ* played a vital role in the development and progression of OA, and decreased expression of PPAR-*γ* in OA cartilage might lead to the increase of inflammatory response \[[@B50]--[@B52]\]. Interestingly, they found that AGEs induced inflammatory responses and downregulation of PPAR-*γ* expression via TLR-4 and RAGE in human OA chondrocytes \[[@B48]\]. As described in [Section 1.2](#sec1.2){ref-type="sec"}, both TLRs and RAGE are HMGB1 receptors on the cell surface. Hence, these results suggest that PPAR-*γ* agonist pioglitazone may inhibit both cytoplasmic HMGB1 and its cellular signaling. Accordingly, HMGB1 could be a potential target for pharmacologic intervention in the treatment of OA.

Similarly, another recent study indicated that pioglitazone might inhibit growth and invasion of human hepatocellular carcinoma (HCC) via blockade of the RAGE signaling \[[@B53]\]. Pioglitazone may also downregulate HMGB1 expression and inhibits HMGB1/RAGE pathway in SMMC-7721 and HepG2 cells \[[@B53]\]. RAGE is one of the main downstream receptors for HMGB1. In*in vitro* and*in vivo* HCC models, HMGB1 could induce cell proliferation, differentiation, cell death, angiogenesis, metastasis, and inflammation \[[@B54]\]. These findings gave a reasonable explanation for the antitumor activity of pioglitazone, at least in part. In addition, this study provides a novel insight into the therapeutic strategy targeting HMGB1 by PPAR ligands for human cancer, more than only for inflammatory disorders.

2.6. Fenofibrate {#sec2.6}
----------------

Fenofibrate, a PPAR-*α* agonist, has shown both protective effects against cardiac hypertrophy and inhibitory effects against inflammation \[[@B55]\]. In addition, more and more evidence has indicated that HMGB1 plays a crucial role in cardiovascular disease \[[@B56], [@B57]\]. Moreover, the decrease of nuclear HMGB1 was reported to be associated with human heart failure, and preserved amounts of nuclear HMGB1 could prevent cardiac hypertrophy \[[@B58]\]. One study from China provided experimental evidence that fenofibrate modulated basal and LPS-stimulated HMGB1 expression and localization in addition to its secretion in cardiomyocytes. Furthermore, fenofibrate protected the storage of the nuclear HMGB1 protein in the heart of mice and suppressed the development of cardiac hypertrophy induced by thoracic transverse aortic constriction \[[@B59]\]. These findings suggest that fenofibrate has inhibitory effects on HMGB1 expression and secretion in cardiomyocytes, which may restrain the development of cardiac hypertrophy.

3. Mechanisms of PPAR Ligands Action Targeting HMGB1 {#sec3}
====================================================

Although the above content in [Section 2](#sec2){ref-type="sec"} demonstrated the inhibitory effects of several PPAR ligands on biological actions of HMGB1, it requires a comprehensive conclusion of the underlying molecular mechanisms. To the current knowledge, PPAR usually exists as a heterodimer complexed with retinoid X receptor (RXR); the complex is typically bound to corepressors. After ligand stimulation, the corepressor molecules are displaced, and PPAR, ligand, RXR, and coactivators form an active complex and transfer into the nucleus \[[@B60], [@B61]\]. In the nucleus, ligand-activated PPAR acts as a regulator at transcription level, in a termed PPAR-dependent manner. On the other hand, in a PPAR-independent manner, PPAR ligands work beyond that of PPAR pathways, mostly in the cytoplasm or extracellular environment.

Indeed, eukaryotic gene expression, as well as protein function, is regulated at multiple levels, including epigenetic, transcriptional, posttranscriptional, translational, and posttranslational. Here, we outline the mechanisms of PPAR ligands\' targeting of HMGB1 expression and biological actions at three levels. Despite one report suggesting that the pathway for the downregulation of HMGB1 by EPA is partly PPAR-*γ*-independent \[[@B39]\], most evidence supports the view that PPAR ligands function on HMGB1, the actions of which are mainly PPAR-dependent. To sum up, there are four possible routes as shown in [Figure 1](#fig1){ref-type="fig"}.

3.1. Transcriptional Level {#sec3.1}
--------------------------

*(a) Inhibition on HMGB1 Signaling Pathways*. PPAR ligands are capable of modulating HMGB1 biological actions at the transcriptional level in a PPAR-dependent manner. As reported, PPARs inhibit the activation of certain inflammatory response genes by binding TFs \[[@B5]\]; that is, they indirectly interfere with other TF pathways to inhibit transcription or*transrepression* \[[@B5]\]. Particularly, upon ligand stimulation, both PPAR-*α* and PPAR-*γ* can bind NF-*κ*B and AP-1 to repress NF-*κ*B and/or AP-1 target genes \[[@B62]\]. Cells expressing PPAR-*α* and PPAR-*γ* regulate inflammatory response genes by inhibiting NF-*κ*B and AP-1 pathways \[[@B3], [@B63]\], which are involved in HMGB1 signaling pathways. This mechanism decreases the levels of related molecules participating in an HMGB1-induced inflammatory response. Since downregulation of NF-*κ*B and AP-1 for PPARs has been found in different cell types including monocytes/macrophages, T lymphocytes, endothelial cells, smooth muscle cells, and keratinocytes \[[@B3], [@B64]\], there might be a general mechanism for the inhibition of inflammatory cytokines in various types of cells.

Several PPAR-*γ* ligands, such as troglitazone \[[@B41]\], rosiglitazone \[[@B46], [@B47]\], pioglitazone \[[@B48]\], ciglitazone \[[@B65]\], and ibuprofen \[[@B66]\], are found to play important roles in inhibition of TF NF-*κ*B or AP-1 activity. Also, PPAR ligands downregulate inflammatory cytokines, such as tumor necrosis factor- (TNF-) *α* \[[@B67]\], IL-2 \[[@B68]\], interferon- (IFN-) *γ* \[[@B68]\], IL-1*β* \[[@B67]\], IL-6 \[[@B67]\], MCP-1 \[[@B44]\], and MIP-1*β* \[[@B44]\]. Interestingly, HMGB1 transcription is upregulated by cytokines IFN-*γ* and TNF-*α* in matured THP-1 macrophages or human peripheral blood monocytes \[[@B69]\]. Secreted HMGB1 acts as a late proinflammatory mediator, but its release occurs considerably later than the secretion of classical early proinflammatory mediators, for examples, TNF-*α* and IL-1 \[[@B70]\]. Through this mechanism, PPAR ligands probably block inflammatory signaling cascades, leading to anti-inflammatory effects. Combined with the instances described in [Section 2](#sec2){ref-type="sec"}, much evidence supports this route of PPAR ligands targeting HMGB1-receptor signalings via PPARs-mediated mechanisms.

*(b) TF-Mediated Transrepression*. Alternatively, it is likely that HMGB1 promoter-interfered direct inhibition by TF-mediated transrepression is also one possible route. The HMGB1 gene contains six exons and is located on the human chromosome 13q12 \[[@B71]\]. The human HMGB1 gene transcription is driven by a super strong TATA-less promoter, which may be one of the highest expressing mammalian promoters and exhibits an 18-fold greater transcriptional activity than that of the SV40 promoter in breast cancer cells \[[@B72]\]. This finding suggests that human HMGB1 gene is capable of expressing at an intensely high level. The basal expression level of HMGB1 observed in most cells is probably a result of repression of this strong transcriptional activity by an identified silencer in the proximal promoter \[[@B72]\]. It was reported that PPAR-*γ* ligand troglitazone could inhibit both transcriptional activity of the HMGB1 promoter and that of the NF-*κ*B or AP-1 in endothelial cells \[[@B41]\]. Furthermore, the failure to identify PPAR binding sites in the HMGB1 promoter suggests that the inhibitory effect is exerted by antagonizing the transcriptional activities of NF-*κ*B and AP-1, rather than through direct promoter-binding-mediated regulation by PPAR itself \[[@B41], [@B73]--[@B75]\].

Obviously, the two routes, (a) and (b), are related with each other grouped in transcriptional level, where both NF-*κ*B and AP-1 probably govern HMGB1 in a crosstalk way.

3.2. Posttranscriptional Level {#sec3.2}
------------------------------

*(c) miRNA-Mediated Regulation*. One recent study of troglitazone provided an unexpected potential route for PPAR ligand suppression of HMGB1 expression at the posttranscriptional level. This study reported that ligand-activated PPAR-*γ* inhibited HMGB1 expression through upregulation of miR-142-3p and suppressed inflammatory response in human acute monocytic leukemia THP-1 cell line \[[@B42]\]. Interestingly, this PPAR-*γ*-dependent inhibition effect on HMGB1 expression is involved in the upregulation of miR-142-3p targeting of the 3′-UTR of HMGB1 transcripts, by means of PPAR-*γ* binding directly to the PPRE in the miR-142-3p promoter region. This is considered to be a novel anti-inflammatory mechanism for PPAR-*γ* targeting of HMGB1 actions. In addition, it was previously demonstrated that miR-142-3p functioned as a potential tumor suppressor directly targeting HMGB1 in non-small-cell lung carcinoma cells \[[@B76]\]. PPREs consist of DNA-specific sequences, which are located in the promoter regions of its target genes. As a transcriptional activator, PPARs could directly bind to PPREs, thereby modulating the target genes at the transcriptional level (transactivation) \[[@B3]\]. In transactivation, PPARs directly regulate the transcription of target genes involved in lipid and lipoprotein metabolism, glucose homeostasis, and cell differentiation \[[@B3], [@B4]\]. However, there is some evidence that PPREs are also present in the miRNA promoter region, so that ligand-activated PPARs may regulate targets at the posttranscriptional level. For example, miR-145 was also found as a direct PPAR-*γ* transcriptional target*in vivo*. Rosiglitazone treatment induced PPAR-*γ* recruitment to the PPRE site, upstream of the miR-145 transcription start site, in colon cancer cell lines \[[@B77]\], though no direct association between miR-145 and HMGB1 transcript was noted in scientific literature. Altogether, miRNA-mediated regulation might be a possible nonclassical mechanism of ligand-activated PPAR targeting of HMGB1 at the posttranscriptional level.

3.3. Posttranslational Level {#sec3.3}
----------------------------

*(d) Suppressing HMGB1 Secretion.* Ligand-activated PPARs may also be involved in suppressing HMGB1 secretion rather than targeting HMGB1 in the extracellular space. In the normal state, via NLS1 and NLS2, synthesized HMGB1 is translocated from the cytosol of cells into the nucleus to bind DNA. As a nuclear nonhistone protein, HMGB1 is loosely and transiently associated with nucleosomes, which consist of tightly bound chromatin and DNA \[[@B69]\]. Upon the immunologic challenge, macrophages are activated, resulting in the forced hyperacetylation of NLS sites within HMGB1 in resting macrophages. This causes its relocalization to the cytosol, followed by packaging HMGB1 into secretory lysosomes, and releases it into the extracellular milieu \[[@B19], [@B78]\]. Of note, the acetylation of HMGB1 occurs in the nucleus; and this acetylation prevents HMGB1 from interacting with the nuclear-importer protein complex, so reentry to the nucleus is blocked \[[@B70]\]. Besides this acetylation, phosphorylation \[[@B21]--[@B23]\] and methylation \[[@B24]\] of HMGB1 are also shown to be related to its translocation during the secretion process in inflammatory or cancer cells. Therefore, posttranslational modifications of HMGB1 appear to be a critical step for its secretion. Recent studies have indicated that PPAR-*β*/*δ* and PPAR-*γ* are capable of suppressing the HMGB1 acetylation and thereby reducing the secretion of HMGB1 \[[@B44], [@B45]\]. In addition, PPAR-*γ* ligand telmisartan and rosiglitazone may inhibit HMGB1 release from macrophage cells \[[@B38], [@B44]\]. Notably, it is reported that acetylated HMGB1 is an effective substrate for SIRT1, which is NAD^+^-dependent class III protein deacetylase. Mediated by this deacetylase enzyme, ligand-activated PPAR-*β*/*δ* and PPAR-*γ* are able to upregulate SIRT1 expression in macrophages, resulting in deacetylation of HMGB1 protein. Hence, PPAR ligands also might suppress HMGB1 secretion through modulating the posttranslational modification status of HMGB1 in a PPAR-dependent mechanism.

4. Future Perspective of PPAR Ligands and HMGB1 in Cancers {#sec4}
==========================================================

Of particular interest is the possibility that ligand activation of PPARs may have potential anticancer effects, since both HMGB1 and PPARs are related to tumorigenesis and progression of cancers. In clinic, recent advances have shown that PPARs are potentially anticancer agents \[[@B13]\]; for example, in breast cancer, PPAR-*γ* is found mainly in well-differentiated and ER-positive breast carcinomas, modulates estrogenic actions, and has an inverse association with tumor size in humans \[[@B79]\]. This is similar to some inflammatory disorders, where both mRNA and protein levels of PPAR-*γ* are shown to be inversely correlated with levels of HMGB1 in peripheral blood mononuclear cells of patients with sepsis \[[@B42]\].

Also, some PPAR ligands have demonstrated their potent antitumor activity via PPAR-dependent and/or PPAR-independent mechanisms \[[@B80]\]. Of note, recent studies have revealed that PPAR-*γ* agonists exhibit antitumor activity and can induce apoptotic cell death in various malignant cell lineages, including malignant pleural mesothelioma, thyroid cancer, liposarcoma, breast adenocarcinoma, prostate carcinoma, colorectal carcinoma, non-small-cell lung carcinoma, pancreatic carcinoma, bladder cancer, and gastric carcinoma \[[@B80]--[@B82]\].

After its discovery in 1973 \[[@B83]\], the multifaceted HMGB1 has recently been identified as an important mediator of cancers, which initiated a new field of translational medicine that targets HMGB1 \[[@B14]\]. HMGB1 is involved in tumor development, proliferation, invasion, and metastasis, and its high levels are associated with a poor clinical prognosis \[[@B84]--[@B87]\]. The involvement of HMGB1 in cancer is complicated, and nuclear/intracellular and extracellular forms of HMGB1 have been implicated in tumor formation, progression, and metastasis and in response to chemotherapeutics. Elevated expression of HMGB1 occurs in several solid tumors, including melanoma, colon cancer, prostate cancer, pancreatic cancer, breast cancer, and malignant mesothelioma \[[@B85]--[@B88]\].

The underlying mechanisms of HMGB1-receptor signaling involving PPAR ligands remain to be explored. A few pervious researches on some cell lines and/or in animal models have already revealed their close relationship ([Table 1](#tab1){ref-type="table"}). These studies showed that PPAR ligands not only suppress HMGB1 signaling pathways, but also inhibit HMGB1 gene expression and secretion. Therefore, additional information about signal transduction pathways and potential diagnostic utility is warranted. In view of the PPAR ligands interaction with HMGB1, taking into account potential target for molecular therapy, it is crucial to investigate the anticancer mechanisms not yet identified in comprehensive pathways at transcriptional, posttranscriptional, translational, and posttranslational levels. This may pave the way for HMGB1 utilization as a therapeutic target for inflammatory disorders and related cancers in the future. Conversely, advancement of the understanding of the anticancer mechanism of PPARs will greatly improve utilization of PPAR ligands for treatment of cancers or cancer-related diseases.
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![Schematic representation of PPAR ligands targeting HMGB1 via PPARs-mediated mechanisms. See details in text. PPAR: peroxisome proliferator-activated receptor; HMGB1: high mobility group box 1; TLR: Toll-like receptor; RAGE: receptor for advanced glycation end-products; PPRE: peroxisome proliferator response element; AP-1: activator protein-1; NF-*κ*B: nuclear factor-*κ*B; mRNA: messenger RNA; miRNA: microRNA; SIRT1: silent information regulator 1.](PPAR2016-2612743.001){#fig1}

###### 

PPAR ligands suppressing biological actions of HMGB1.

  PPAR ligands             PPAR types                                                                                    Possible involved HMGB1 signaling or expression                            Effects on biological actions of HMGB1                                                                                 Cell lines                   Animal model                                    Potential applied diseases                  References
  ------------------------ --------------------------------------------------------------------------------------------- -------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------- ---------------------------- ----------------------------------------------- ------------------------------------------- ------------
  EPA                      PPAR-*γ*                                                                                      HMGB1/TLR9 signaling                                                       EPA inhibits HMGB1/TLR9 pathway and downregulates HMGB1 expression in brain cortex.                                    ---                          Ovariectomized rat model of cerebral ischemia   Ischemic brain damage and ischemic stroke   \[[@B39]\]
                                                                                                                                                                                                                                                                                                                                                                                                                                                    
  Telmisartan              PPAR-*γ*                                                                                      ---                                                                        Telmisartan decreases plasma HMGB1 levels and suppresses the expression of HMGB1 in macrophages or microglial cells.   ---                          Mice model of focal cerebral ischemia           Postischemic injury                         \[[@B38]\]
                                                                                                                                                                                                                                                                                                                                                                                                                                                    
  Troglitazone             PPAR-*γ*                                                                                      Transcriptional activity of HMGB1 promoter and NF-*κ*B or AP-1 signaling   Troglitazone inhibits HMGB1 expression in endothelial cells.                                                           Vascular endothelial cells   ---                                             Sepsis, arthritis, and atherosclerosis      \[[@B41]\]
  miRNA-based regulation   Troglitazone inhibits HMGB1 expression through upregulation of miR-142-3p.                    THP-1 cells                                                                Mice model of endotoxemia                                                                                              Sepsis                       \[[@B42]\]                                                                                  
                                                                                                                                                                                                                                                                                                                                                                                                                                                    
  Rosiglitazone            PPAR-*γ*                                                                                      HMGB1/TLR4 signaling                                                       Rosiglitazone decreases LPS-induced plasma HMGB1 levels and inhibits HMGB1 release of RAW264.7 cells.                  RAW264.7 cells               Mice model of endotoxemia                       Sepsis                                      \[[@B44]\]
  HMGB1/RAGE signaling     Rosiglitazone reverses LPS-induced elevation of HMGB1 in bronchoalveolar lavage fluid.        ---                                                                        Mice model of ALI                                                                                                      ALI and ARDS                 \[[@B46], [@B47]\]                                                                          
                                                                                                                                                                                                                                                                                                                                                                                                                                                    
  Pioglitazone             PPAR-*γ*                                                                                      HMGB1/TLR4 and HMGB1/RAGE signaling                                        Pioglitazone reverses AGEs-induced elevation of HMGB1 expression in OA chondrocytes.                                   Chondrocytes                 ---                                             OA                                          \[[@B48]\]
  HMGB1/RAGE signaling     Pioglitazone downregulates HMGB1 expression and inhibits HMGB1/RAGE signaling in HCC cells.   SMMC-7721 and HepG2 cells                                                  ---                                                                                                                    Hepatocellular carcinoma     \[[@B53]\]                                                                                  
                                                                                                                                                                                                                                                                                                                                                                                                                                                    
  Fenofibrate              PPAR-*α*                                                                                      ---                                                                        Fenofibrate reverses basal and LPS-induced HMGB1 expression, as well as modulating its cellular localization.          Cardiomyocytes               Mice model of hypertrophic myocardium           Cardiac hypertrophy                         \[[@B59]\]

EPA: eicosapentaenoic acid; LPS: lipopolysaccharide; TLR: Toll-like receptor; RAGE: receptor for advanced glycation end-products; ALI: acute lung injury; ARDS: acute respiratory distress syndrome; AGEs: advanced glycation end-products; OA: osteoarthritis; HCC: hepatocellular carcinoma.
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